E lectrophysiological disturbances are more remarkable in the epicardium than in the endocardium during ischemial-3 despite the greater propensity of the endocardium to metabolic effects of ischemia induced by coronary artery ligation.4-6 Our previous studies7-9 and those of others10 have shown that action potentials shorten to a greater extent in epicardial cells than in endocardial cells during simulated ischemia in isolated ventricular preparations independent of the influences of hemodynamics of regional differences in myocardial blood flow. However, the underlying ionic basis for the differential electrophysiological responses to ischemia between endocardial and epicardial cells remains unsettled. We have recently shown a greater sensitivity to lack of ATP in ATP-regulated K' channels in epicardial cells.'1 However, several ionic currents contribute to action potential duration. In particular, the L-type Ca'+ current plays an important role in maintaining action potential duration at the plateau level, and this current has been shown to be modulated by intracellular ATP concentration.12'3 Thus, we hypothesized that the differential responses to ischemia between endocardial and epicardial cells may also reflect differential susceptibility of the Ca2+ channels in the two cell types to ischemic insults. To test this hypothesis, we examined the effect of intracellular ATP depletion with metabolic inhibition, a major component of ischemia, on action potentials and Ca2+ current recorded from single Kimura et 
Methods

Cell Isolation
Domestic cats of either sex weighing 2.5-4.0 kg were anesthetized with sodium pentobarbital (30 mg/kg i.p.), and heparin sodium (400 units/kg) was injected intravenously. The heart was excised and mounted on a Langendorff apparatus and perfused via the aorta with a modified Tyrode's solution (37°C) containing (mM): NaCl 143, KCl 4, CaCl2 1.8, MgCl2 0.5, NaHPO4 0.33, glucose 5.5, and HEPES 5.5 (pH 7.4 with NaOH) and gassed with 100% 02. After a 10-minute equilibration period, the preparation was perfused with Ca2+-free Tyrode's solution (otherwise identical to above) for 5 minutes, followed by perfusion with 0.04% collagenase (Type I, Sigma Chemical Co., St. Louis, Mo.) dissolved in Tyrode's solution with 50 ,M Ca2+. Exposure to the enzyme was continued until the solution flowed freely (15) (16) (17) (18) (19) (20) (15 ,uM) and CoCl2 (2 mM) were added to the Tyrode's solution to block Na+ and Ca2+ currents, respectively. I,. (4-aminopyridine-sensitive component) was activated by clamping the membrane voltage for 500 msec from a holding potential of -80 mV to a test potential (-40-60 mV); the clamp step was induced every 2 seconds. The amplitude of ,to was measured as the difference between the peak of I, and the minimum current level during the depolarizing pulse after the peak I,. We monitored I, every 5 minutes during exposure to CN-.
Data Acquisition and Analysis
The whole-cell membrane currents and potentials were measured by an Axopatch-1B patch-clamp system (Axon Instruments, Inc., Burlingame, Calif.) or a Dagan 8900 patch-clamp amplifier ( During superfusion with glucose-free Tyrode's solution containing 1 mM CN-, action potential duration was shortened in both endocardial and epicardial cells. However, as shown in Figure 1 (upper panels), action potential duration was reduced to a greater extent in the epicardial cell than in the endocardial cell. Figure 1 (lower panels) shows the time course of CN-induced changes in action potential duration measured at 50% and 90% of repolarization. There were significant differences in the extent of action potential shortening between the two cell types during exposure to 1 mM CN-. Resting membrane potential and action potential amplitude were not affected by exposure to CN-. Figure 3B .
The steady-state inactivation of Ic, for endocardial and epicardial cells was compared. Membrane potential was stepped for 500 msec from holding potentials (-50 to 0 mV) to 0 mV, at which 1Ca was fully activated at a frequency of 0.5 Hz. In Figure 4 solution, it is possible that the reduction of Ilc during exposure to CN-is due to changes in Ito. Thus, we directly examined the effect of 1 mM CN-on I. Figure 8A shows current tracings of IO elicited by depolarizing pulses for 500 msec from a holding potential of -80 mV to test potentials before and after 20 minutes of exposure to CN-in an epicardial cell. The current-voltage relation before and after superfusion with glucose-free Tyrode's solution containing 1 mM CN-is shown in Figure 8B . The magnitude and kinetics of I, were not affected by 1 There are at least two possibilities to explain the difference in ICa reduction induced by CN-between endocardial and epicardial cells: 1) ATP depletion is greater in epicardial cells during exposure to CN-; 2) the Ca21 channels of epicardial cells are more sensitive to ATP depletion than are those of endocardial cells. The effects of superfusion with Tyrode's solution containing CN-on action potentials and membrane currents of ventricular cells in the present study are probably due to a decrease in intracellular ATP with inhibition of oxidative phosphorylation. Intracellular ATP concentration has been demonstrated to influence the Ca21 current. 1213 Noma and Shibasaki13 have shown that the amplitude of the Ca21 current decreased in a concentration-dependent manner over the concentration range of 0-5 mM ATP when guinea pig single ventricular cells were dialyzed with various ATP-deficient internal solutions. Thus, if intracellular ATP was reduced to a greater extent in epicardial cells during exposure to CN-, it would enhance the reduction in ICa. However, it has been shown in in vivo experiments that electrophysiological disturbances are more severe in the subepicardium than in the subendocardiuml-3 despite the fact that ATP levels and pH decrease to a greater extent in the subendocardium during coronary artery ligation.4-6 Thus, it seems unlikely that different electrophysiological responses to ischemia or CN--induced metabolic inhibition result from the extent of metabolic changes.
Another possibility is that even if intracellular ATP concentration is reduced to the same extent in endocardial and epicardial cells during exposure to CN-, the sensitivity of the Ca 2 channels to ATP might be different between the two cell types. That is, the Ca21 channels in epicardial cells might be more susceptible to ATP depletion than those in endocardial cells. Although our data show no differences in the fundamental characteristics of ICa between endocardial and epicardial cells, the modulation of the channel activity by various factors including intracel- Finally, it should be noted that other ionic currents may be involved in differences in the sensitivity of the endocardial and epicardial cells to ischemia and metabolic inhibition. Although the present study showed that the magnitude of the 4-aminopyridine component of Ito is not affected by exposure to CN-, the presence of this current in epicardial cells but not endocardial cells could contribute to different responses to ischemia.'8 Antzelevitch et all8 have demonstrated that application of 4-aminopyridine reverses ischemia-induced depression of epicardial action potentials. Furthermore, it is possible that the Ca'+-sensitive component of Ito may be increased by a rise in intracellular Ca' during ischemia and metabolic inhibition, which may enhance action potential shortening. Also, we have shown that ATPsensitive K+ channels are activated during superfusion with CN-,1" and we have suggested that the enhanced shortening of the action potential in epicardial cells during metabolic inhibition reflects activation of ATP-sensitive K+ channels. The present study indicates that current through Ca 2 channels as well as through K' channels are involved in the location-related electrophysiological responses to ischemia and metabolic inhibition.
